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PERSPECTIVES ON QUEUES
Queues involve waiting, to be sure, but one's attitudes toward queues may be influenced more strongly by other factors. For instance, customers may become infuriated if they experience social injustice, defined as violation of first in, first out. Queueing environment andfeedback regarding the likely magnitude of the delay can also influence customer attitudes and ultimately, in many instances, a firm's market share. Even if we focus on the wait itself, the "outcome" of the queueing experience may vary nonlinearly with the delay, thus reducing the importance of average time in queue, the traditional measure of queueing performance. This speculative paper uses personal experiences, published and unpublished cases, and occasionally "the literature" to begin to organize our thoughts on the important attributes of queueing. To flesh out more of these issues, the author asks for your cards and letters.
"... a day full of waiting, of unsatisfied desire for change, will seem a small eternity." -William James, 1891 W ~z~e start this story at a local department store.
After purchasing a red bike for my older son, Erik, I was given the sales slip and told to proceed to the inventory/checkout window, to give a copy of the slip to a clerk behind the window, and to await my son's new bike. Upon arriving at the window, I noticed a woman who was on the verge of tears. I questioned her and discovered that she had been waiting there 30 minutes for her merchandise, during which time numerous other customers had come and gone, carrying away with them their purchased items. Soon I learned first hand of the travails of my beleaguered friend, as I watched numerous customers who arrived after me successfully pick up their waffle irons, quilts, or automatic coffee makers and leave the store, typically within several minutes after arriving at the checkout window. Approximately 35 minutes later I was given a box containing the red bike, after which I left, with my frustrated friend still anguishing over her everincreasing delay. I was so mad when I got to my car that I promised my family I would never open that box, but rather would return it unopened the following Saturday and purchase a different bike at a respectable bicycle shop, one where I could get good personal service and a higher quality product. I had gone to this department store in the first place for ease of selection and rapid service, objectives that clearly were not met. The following Saturday, I carried out my promise.
Social Justice
At the time of the bike experience, several students and I had just started some research on queues as perceived and experienced by customers. Our research was based on a single conjecture:
For the great majority of queueing system "customers" the actual and/or perceived utility of participating in the system is (1) a nonlinear function of queueing delay, and (2) multiattributed.
The bike experience added an important attribute: social justice, as measured by adherence to (or violation of) first in, first out (FIFO). Other personal experiences and documented cases led to other attributes.
The following discussion is intended to share some preliminary thoughts about queues as experienced by customers and to ask for your help. The "literature" on this subject is scattered and not well organized. Any suggestions regarding literature not cited or case studies that reveal new insights would be most appreciated. Please send your comments to the author.
Slips and Skips. As a consequence of the bike experience, we defined in our ongoing research "slips and skips," two quantities whose magnitudes measure social injustice in queues. Imagine you join a queue at time zero. Another individual joins the queue some time later, but enters service before you. You have been victimized by a slip, as the second arriving customer has slipped by you. From the point of view of the second arriving customer, he has skipped over you. He who experiences a slip is victimized; he who skips gets a certain sense of satisfaction from his good fortune. If we consider an m-order skip (i.e., one created by a customer who skips over m customers) to be m skips, then for every slip there is a skip, and we have immediately a "theoretical" result that the total number of slips equals the total number of skips in any queueing system. Slips and skips can be measured in different ways, such as queue slips, service slips, or system slips, depending on whether the injustice occurred in the queue, in service or within the entire system comprising both queue and service. If B skips over A in queue but A leaves service before B, then because of B, A has experienced a slip in queue, a skip in service, and neither a slip nor a skip for the entire system. Queueing theorists and social scientists have long believed that first come, first served (FCFS) is the socially just queue discipline and first in, first out (FIFO) the socially just system discipline.
An MIT doctoral student, Ethel-Sherry Gordon, and I derived the probability laws for slips and skips in a number of different popular queueing systems.
These include parallel operating M/M/1 and MIMIk systems and the M/G/oo system, which we see as a good model for the merchandise pickup window described previously. (From our observations, each sales slip presented at the window was immediately given to one of "many" storeroom clerks, a busy clerk having responsibility for locating merchandise for only one customer at a time, thus motivating the "infinite number of servers" approximation.) The technical work is described in Gordon and Larson (1987 Sometimes efforts directed at reducing queue delay may exacerbate social injustice. An example is my hometown supermarket, which opens additional cash registers whenever the checkout lines "become too long." The problem is that I always seem to be the one near the head of the line, with the most time invested in the queue; the "newcomers" behind me scurry over to the new register, entering service approximately in a last-come, first-served manner.
Infuriating!
The threat of slips can have significant dollar consequences. One example is found with barge traffic on inland U.S. waterways. As tows proceed from one lock to the next, for instance on the Ohio and Mississippi Rivers, it has been a common practice of tug captains to proceed at high, fuel-inefficient speeds. Each captain races his tug to the next lock in an attempt to minimize the possibility that a tow behind him will overtake him en route and thus enter the next queue before he does. Incurring such a slip would delay the departure time at the next lock, thus lengthen the entire voyage time, thus cost extra dollars. Delays at congested locks can range from a few hours to more than 1 day. Fuel consumption of a tug is approximately proportional to travel distance times the square of the speed. A modest speed reduction from, say, 6 mph to 5 mph could save 31% in fuel consumption. The "anti-slip" proposal, put forward by the consulting firm of Ketron, Inc. (Kettelle 1986 ), was to prow assign queue positions to tugs. Whenever a particu lar lock is "congested" (for example, when there are delays of 6 hours or more), a tug leaving an adjacent lock for the congested lock would at the moment of departure be assigned its position in queue at the congested lock. This practice would eliminate the threat of slips and skips, and thus the motivation for speeding. Ketron estimated that for a typical congested lock the potential fuel savings would exceed $1,000,000 per year (Ketelle).
Slips and skips can also have disastrous effects on assembly lines. In a typical automobile line, cars are sequenced by some measure of similarity, such as "the next eight all get air conditioning" or "the next ten get the 'super option' package." The problem arises when the cars reach certain parallel service channels such as paint shops and exit from parallel service "out of sequence." Then, for instance, the "eight getting air conditioning" may be interspersed with several not getting air conditioning. The result significantly increases "set-up" and "set-down" costs.
My favorite case history whose outcome could be explained in terms of slips and skips involves an airline serving an airport in Texas. Passengers disembarking from eight or so flights that arrived in Houston between 7:00 and 9:00 A.M. complained loudly and vehemently about lengthy luggage handling delays. The vice president in charge of operations conducted several studies, employed consultants knowledgeable in queueing theory, and even hired additional baggage handlers, so that the total baggage delay never exceeded 8 minutes (an accepted industry standard) and yet the passenger complaints continued unabated. A closer analysis of the problem, which required simultaneous on-site observation by several researchers, revealed that the waiting time until luggage delivery consisted of two components: a 1-minute walking time from the aircraft to the luggage carousel and a 7-minute waiting time at the carousel. Most individuals on this early morning flight were businessmen flying in to get a head start on the business day in Houston. As passengers disembarked from the aircraft and approached the carousel area, a certain fraction of them (those with hand luggage) proceeded directly to the taxi stand, boarded a taxi, and commenced their working day; those waiting at the carousel were afforded the opportunity for seven minutes of watching passengers who disembarked after them start their business day before them. The customers' aggravation could be explained largely in terms of slips and skips. Those who were victimized by slips complained; those who enjoyed skips said nothing. The solution to this problem was to deliberately reinsert delays in the system. The aircraft disembarking location was moved outward from the main terminal, and the most distant carousel was selected for delivery of luggage, so the total walk time was increased from one to six minutes. After this insertion of delay was successfully completed and the system was perceived to be more socially just, passenger complaints dropped to nearly zero. We see here an example in which social injustice No longer were fractions of their lives perceived as being "wasted; " to the contrary, some were willing to pay for the entertainment.
Transportation planners have quantified the miseries of "empty time" waiting. They have found that bus passengers perceive a minute of delay at curbside waiting for a bus to "cost" two to three times that of a minute of time spent in the bus (Benakiva and Lerman 1985) . This higher cost of waiting is used in models to design bus routes.
Another bank experience was reported by Martin. Shortly after a California bank installed computer terminals next to each teller (with the intention of speeding service), numerous customers from at least one branch became so frustrated that they cancelled their accounts, and opened new accounts at a noncomputerized bank "across the street" in which the teller service time averaged twice that of the first bank. In the computerized branch, most of the disgruntled customers were laborers who were depositing their Friday paychecks on their 12 noon to 1:00 P.M. lunch break. About 90 percent of the 30-second mean teller service time was spent in "wait-for-computer-to-respond" mode, caused by the lunch hour overload in the computer system. In the second bank, the tellers operating in a manual system were perceived as always busy during their average service time of 60 seconds; customers were happier in the second bank. Martin's solution was to change the queueing environment in the first bank:
The clocks were replaced by green display terminals which gave the time, the weather forecast, the latest sports scores, publicity and interest rates on deposits. Waiting lines were combined into a single line feeding all tellers. Two TV monitors were installed conspicuously in the waiting area. Finally, a partition was erected between the counters and the terminals making the terminal invisible to the customers.
The cashier was therefore always perceived to be busy. With the green displays and the TV monitors, the "demand" for customer time was high. Soon complaints went down significantly and the whole system became a sort of drawing card. The bank popularity went up significantly, a fact which certainly contributed to its increased profitability. As for the on-line banking system, it remained unchanged (Martin 1983 The idea of changing empty time into useful time is of course the whole rationale behind marketing mobile cellular telephones, where businessmen and women can carry on negotiations, make sales contacts, and perform other business activities while stuck in rush hour traffic.
Whatever the precise setting, it seems clear that the environment in which queue waiting occurs plays a fundamental role in a customer's perceived and/or actual cost of participating in that system. It seems, too, that a bit of ingenuity that would cost a minuscule fraction of the total operating cost of a facility often can go a long way toward alleviating customer anguish and discomfort, perhaps even transforming it into well being and happiness.
Feedback
From my observations, customers usually "feel better" about queueing when they are provided with information that allows them to estimate in advance their waiting time in queue. Individuals waiting in a lobby for one of several elevators can occupy their time watching the dials or lights moving as the respective elevators change floors throughout the building; sometimes one can even play a game with oneself, guessing which elevator will be the first to reach the lobby floor. A well-known international petroleum corporation directed some of its service station attendants to stand at the gasoline pumps with arm extended holding a pump's hose in order to indicate dramatically the total lack of queueing delay that would be experienced by customers entering the facility.
Disney World and Disneyland provide signs at points along the queueing channels to the various amusements indicating anticipated delays from those points. Such feedback helps customers choose which queue to enter, and it helps parents to select a strategy from child psychology for keeping their children "in line!" (For those who would like to learn more of Disney's "world class" management of queues, and how best, as a customer, to experience them, the author recommends Sehlinger and Finley 1985.)
For those of us who have been stuck in an aircraft on the ground waiting clearance for takeoff, I would conjecture that passengers experiencing a 30-minute wait without any feedback from the pilot are much more aggravated than those who are told at the beginning of the wait of the approximate 30-minute delay.
In the area of police response to calls for service, studies conducted in several cities-Worcester, Massachusetts; Wilmington, Delaware; and Kansas City, Missouri, to name a few-have surveyed citizens who have called 91 1, the police emergency response number. (See, for example, Cahn and Tien 1981 and McEwen, Connors and Cohen 1984). In attempting to "manage demands for police service," many police departments are now attempting to implement a "differential police response strategy" that deliberately delays certain lower priority calls for service by onehalf to 2 hours (even in the presence of available servers, i.e., patrol cars) in order to leave servers available for potential near-term high priority incidents and to perform other important police duties. Extensive surveys of citizens who reported these lower priority incidents have shown that these "customers" are not dissatisfied with police service, even if delayed an hour or more, provided they are told of the estimated magnitude of the delay while on the phone, as well as the reasons for that delay. Thus, a citizen who waits, say, 60 minutes for the arrival of a police car, and who has been told, "Because of the current busyness level of the police force, Ma'am, we expect that a police car will be there in approximately one hour," is much more satisfied than a caller who is told, "A police car will be there right away, Ma'am," and who then ultimately waits 60 minutes. It's this latter customer who is likely to write irate letters to the editor of the local newspaper.
Motivated by the "police customers" attitude findings, in which deliberately inserted delay was acceptable, Christian Schaack and I undertook related modeling research on "cutoff priority" queues. These are queues in which preemption is not allowed and in which certain lower priority customers are deliberately delayed in queue even in the presence of (a "few") available servers, in order to preserve a "rapid service" capability for high priority customers who may arrive in the near-term. We are currently proposing one of our models as an analytical tool to help police planners design differential response strategies (Schaack and Larson 1986a, b).
Feedback need not always be provided directly by technology or system personnel. Sometimes it can be indirect. For instance, one might conjecture that a customer waiting in queue would have a "better experience" entering a queue behind 10 individuals, each of whom was observed to require precisely 1 minute of service time, rather than behind one individual who eventually required 10 minutes of additional service time. The conjecture is that the steady observed queueing delay "progress" experienced in the former case is in some sense psychologically more comforting than the uncertainty associated with not knowing when the single customer ahead would be completed. The movement of each of the 10 customers in the first line is providing feedback to our tagged customer that his likely total waiting time will be approximately 1 minute per customer ahead of him. The second tagged customer has no such assurance, as there is no evidence of progress in this queue until the customer in service finally leaves.
To summarize our discussion to this point, we have attempted to argue or demonstrate that at least three attributes other than queueing delay play key roles in a customer's queueing experience: social justice, queueing environment, and feedback about delays. But what about the queueing delay itself? This is the subject of the next section.
Nonlinearity
In the 1960s, the Boston Police Department answered telephone calls for service as follows: each operator had before him (her) an identical toggle switchboard, with each toggle switch representing a potential incoming telephone call. Next to each switch was a small green lamp bulb. A blinking bulb signified that a given caller was in queue, waiting for his (her) phone call to be answered; a continuously illuminated bulb indicated that the respective caller was currently connected, speaking with one of the operators. During periods of congestion, particularly Friday and Saturday evenings, there were often more than 5 or even 10 "blinking green lights" at one time. Since operators could not be expected to recall the order in which the lights started blinking, they simply switched in at random one of the "blinking green lights" when they became available to handle another call. In effect, they were implementing a queue discipline of service in random order (SIRO).
Queueing Equivalent of EMV'er. Those who focus on mean time spent in queue (Wq) would not be concerned with Boston's SIRO queue. As is well known in queueing theory, a wide class of work-loadconserving systems enjoy the same mean queueing delay, independent of queueing discipline (e.g., FIFO, LIFO (last in, first out), SIRO, and so forth). However, as is also well known, the effectiveness of urban emergency response systems depends in a nonlinear way on system response time (for example, the time between calling the emergency response system and the arrival of appropriate service at the scene of the reported incident). In policing, for example, the probability of arresting a perpetrator near the scene of the crime is highest within 1 or 2 minutes after the report of the crime and drops roughly exponentially to a limiting positive value after approximately 10 minutes (Isaacs 1967 ). For many structural fires the dependence of dollar damage on response time of the fire apparatus follows an S-shaped curve through three distinct phases: incubation, escalation, and maturation; arrival of the fire apparatus within the gently sloping incubation period will keep the dollar damages to a minimal feasible amount (Halpern 1979 ). In emergency medical services the report of a person having suffered a myocardial infarction (i.e., heart attack) indicates that on-scene professional emergency medical services should start within 5 minutes after the infarction or the probability of death is almost 1.0. In considering the heart attack victim's personal "disutility" of a 5-minute response delay versus a 2.5-minute response delay, it seems clear that the 5-minute delay is "more than twice as bad" than the 2.5-minute delay.
Much of the analytical work on queues, and perhaps most OR textbooks (including my own!), focus on finding the fundamental quantities associated with Little's law, L = XW. Assuming a steady-state queue, L is the time-average number of customers in the system, and W is the average total time spent in the system by a random customer. Analogously, the formula Lq = XWq relates the time-average number Lq of customers in the queue and Wq is the expected time spent in queue by a random customer. In fact, W and Wq have become two of the most fundamental quantities describing a queueing system's behavior. From a utility theoretic sense, however, both imply a linear disutility for waiting time, analogous to "EMV'er's" in money-oriented utility theory. From our point of view, one should seek not W or Wq necessarily, but the expected disutility of experiencing (as a customer) the entire system or simply the queue. Only in the special case of linear disutility of delay are the two calculations equal, subject to a positive multiplicative constant. (See, for instance, Keeney and Raiffa 1976.) All of the nonlinear production functions associated with urban emergency services point to the need for deviating from linear measures of queueing delays and system response times. With regard to the SIRO police queue discussed previously, while the mean queueing delay may not be affected by the SIRO strategy, it is well known that this service policy significantly increases the variance over what would be achieved with a "socially just" FCFS queue discipline. Intriguingly, it is possible-depending on the particular production function and other system characteristics-that SIRO or LIFO may in fact be preferred to FCFS for increasing the chance of saving the heart attack victim or arresting the crime perpetrator.
The productivity of time-shared computer system users has been found to vary in a markedly nonlinear way with the system response time. Thadhani, in 1981, reported that as computer system response time is pushed into the sub-second range, user productivity as measured in the number of user interactions per hour increases dramatically. This production function, which is reproduced as Figure 2 , shows a marked "elbow" at about 0.5-0.8 seconds. The data refer to users of an IBM system 370, model 168, multiprocessor system, supporting programmers involved in software development. Thadhani argues that a hardware system with its associated user-queueing software should nowadays be designed to minimize user response time rather than maximize processor utilization, as had been the practice through the 1970s. Recognizing the "elbow jump" in user productivity, sub-second systems can dramatically increase overall system productivity, especially now that the dollar costs of the users of a fully loaded time-sharing system far outweigh the hourly operating costs of the system hardware, software, and maintenance personnel (Minicucci 1982 In the interviews, we asked the subjects to indicate their preferences for a queueing system under different queueing environments. The subjects then gave certainty equivalents for a set of lotteries, after which we determined a least squares functional fit through those assessed points. Different sets of subjects were selected for each of the various queueing systems considered. The first scenario considered waiting for a bus, where the subject has an appointment scheduled at the end of the bus line. The second scenario involved purchasing food at a "fast food" outlet. While the utility assessment details are somewhat standard and will not be included here for the sake of brevity, we state several illustrative findings: * With one exception (in 10 interviews), all disutility functions varied nonlinearly with queueing delays. * With one exception, each subject's disutility function depended on queueing environment. * We found cases of risk proneness as well as risk aversion, sometimes in the same utility function. * The disutility function seemed to depend heavily on the broader environment in which the individual was experiencing the delay (e.g., whether a hard time limit existed for the individual) (Leung 1984 ).
Clearly, these results are very preliminary. Additional interviews plus empirical observations need to be undertaken.
Conclusions
We believe that many attributes other than queueing delay contribute to a customer's utility or disutility in experiencing a queueing system. And even for the queueing delay itself, we believe that, for many if not most systems, the utility or disutility of experiencing the delay is a nonlinear function of the delay.
Our goal in this paper has not been to criticize those who advance the theory of queues. For instance, an amazing amount of work has addressed the need to "go beyond" the linear measures L and W. (As a partial list, see Whitt 1981 Whitt , 1983a But-with few exceptions-the attributes of queues other than wait (and related physical quantities) have been the subject of folklore, at best, not having benefited from systematic study. Some of these attributes may be perceived as "psychological" and in some sense too vague to be the subjects of careful analysis. I would suggest that the definition and analysis of "slips and skips" is a counterexample to this type of reasoning. Others may say that a customer's "attitudes" are extremely subjective and not nearly as important as rigorously measurable quantities. But as the marketing community has shown, attitude changes can cause customers to "brand switch," thereby substantially affecting corporate market shares. And queueing theorists, having a knowledge of customer attitudes, may find new ways to model queues and/or new queues to model (e.g., cutoff priority queues).
As we have attempted to show, customers' queueing experiences and attitudes can impact a wide range of firms, including fast foods, department stores, banks and hotels, transportation services, emergency services, "theme" parks, and airlines ("Up, Up, and Delay," a week-long special feature of ABC Television nightly news, April 13-17, 1987, covered some examples from the airline industry). Those in psychology and sociology have built up an impressive queue of results pertaining to attitudes toward waiting-the queue just waiting to be served by some OR people who wish to integrate mathematical methods with their empirical findings. Along these lines, I recommend a recent paper by Maister (1985) , who offers 8 propositions regarding the psychology of queueing, each of which could be the focus of empirical verification and new mathematical modeling.
We have touched only the surface in this discussion. For instance, Arnold Barnett reports a type of worst delay "memory persistence" among passengers riding subways; that is, they perceive the service level to be near the worst experienced during the past week or month (Barnett and Saponaro 1985) . Rothkopf and Rech (1987) argued recently that a widely advocated "queueing efficiency"-merging separate queues into a single combined queue-involves important issues beyond the standard reduction-of-mean-queue-delayargument demonstrated by Erlang's formulas; in fact, if customers can know queue lengths prior to arrival and if they can jockey after arrival (presumably without "wreaking havoc" on the "social justice scale"), then many of the Erlang-derived advantages of combining queues apparently disappear and advantages of separate queues (e.g., express checkout lanes, servers' personal acquaintances with individual customers) may dominate. The 1973 U.S. gasoline crisis demonstrated that during goods shortages customers seem more attracted to longer queues than shorter ones, perhaps feeling that those in line have "inside information" on impending stockouts. Hudson Hoagland (1966) showed empirically that one's perception of time passage varies with body temperature and conjectured that it also depends on a variety of other factors. Some "classes" of customers value their time more highly than others and are willing to pay to avoid or reduce queueing delays (see Kleinrock 1967 and Glazer and Hassin 1986).
Undoubtedly there are many factors, psychological, physiological and otherwise, that affect customers' perceptions of and experiences in queues. Here we have identified queueing environment, the level of information that one has about anticipated delays, and some measure of social injustice, recognizing there are other factors that remain undefined at this time. Better understanding of these relationships may have beneficial impacts on all relevant parties. Queue system managers may be able to find ways of reducing the disutility of queueing that are less expensive than the standard approach (which is to add more servers or to add technology to speed up service). Queue customers may have a more pleasant experience while in the queueing system. Firms seeking additional customers may be able to redesign their service facilities with an eye toward increased customer demand, in part through better understanding of how each prospective customer answers that proverbial question, "To Queue or Not To Queue?" "I think the worst thing in the world is waiting," wrote "Thoughtful," in a "Confidential Chat" column in the Boston Globe (November 17, 1984) . Of the six letter responses to "Thoughtful," one in particular is relevant to our discussion here, and I take the liberty of quoting it to conclude my remarks. The author awaits your letters!
